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The T (Brachyury) gene, which encodes a transcription factor, is involved in the formation of posterior mesoderm. Although
studies in Xenopus have shown that T gene expression is responsive to mesoderm inducing factors and furthermore suggest
the existence of an autoregulatory loop involving T itself, eFGF, and the FGF receptor, little is known about the regulation
of T expression in the mouse. We report here that in the mouse the expression of fgf-4, the putative homologue of Xenopus
efgf, is not dependent on the presence of T protein during the ®rst 48 hr of gastrulation. Furthermore, we address the
question of autoregulation using a chimeric approach. Introduction of a T promoter± lacZ construct into T/T ES cells
results in T promoter activity in the primitive streak and tail bud in the absence of functional T protein. Therefore, we
suggest that a direct FGF and T autoregulatory loop is unlikely to operate during gastrulation and axis elongation in the
mouse. q 1997 Academic Press
INTRODUCTION (Smith et al., 1991; Schulte-Merker et al., 1992; Kispert et
al., 1995b). The similarity in phenotype between mutants
of T in mouse and its homologue in zebra®sh (Halpern etDeletion of the T gene (Herrmann et al., 1990) in mouse
al., 1993; Schulte-Merker et al., 1994) also indicates theBrachyury mutant embryos is responsible for the failure of
conservation of T gene function in vertebrate development.the posterior axis to elongate owing to defective primitive
In Xenopus and zebra®sh the T homologues (Xbra andstreak and notochord morphogenesis (Chesley, 1935;
ntl, respectively) are expressed in response to mesoderm-Glueckson-Schonheimer, 1944; Gruneberg, 1958). Despite
inducing factors including basic ®broblast growth factorthe late phenotype of T/T mutants, which does not obvi-
(bFGF) and activin (Smith et al., 1991; Schulte-Merker et al.,ously correlate with an essential function for T during early
1992), and in animal cap assays naive ectoderm ectopicallygastrulation, the T gene appears to be necessary for normal
expressing Xbra forms posterior mesoderm (Cunliffe andmorphogenetic movements during gastrulation (Wilson et
Smith, 1992). If FGF receptor signaling is blocked by overex-al., 1995). The T gene product (Herrmann et al., 1991) is a
pression of a dominant negative form of the FGF receptorputative transcription factor based on its ability to bind
(Amaya et al., 1991), Xbra expression and posterior meso-DNA sequence-speci®cally and to activate transcription in
derm formation are severely reduced (Amaya et al., 1993;cell culture (Kispert and Herrmann, 1993; Kispert et al.,
Isaacs et al., 1994; Schulte-Merker and Smith, 1995). Inter-1995a). T is expressed in the primitive streak, tail bud, and
estingly, overexpression of Xbra does not rescue the forma-notochord (Wilkinson et al., 1990; Herrmann, 1991; Kispert
tion of posterior mesoderm under these conditions (Schulte-and Herrmann, 1994) and this expression pattern of homo-
Merker et al., 1995). Recently, it has been shown thatlogues of T is conserved in all vertebrates studied so far
embryonic FGF (eFGF) and Xbra, whose expression is colo-
calized in the blastopore during gastrulation, can each acti-
vate expression of the other (Isaacs et al., 1994; Schulte-1 To whom correspondence should be addressed. Fax: (44) 181
906-4477. E-mail: rbeddin@nimr.mrc.ac.uk. Merker and Smith, 1995). These results have led to the
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calf serum (FCS) and LIF (Smith et al., 1988). ES cell lines CGR8proposal that Xbra may function by activating FGF expres-
(Mountford et al., 1994) and BTBR6 (T/T, Rashbass et al., 1991)sion, which subsequently signals through the FGF receptor
were transfected using Lipofectamine (Life Technologies). A totalpathway to maintain Xbra expression, thus creating an au-
of 1.2±1.6 1 106 ES cells were seeded on 6-well plates (Costar) attoregulatory loop.
a density of 2 1 104/cm2. The following day the cells were trans-Little is known about the regulation of T during mouse
fected with 1 mg DNA containing a 1/10 (w/w) mixture of pCTZA/
embryogenesis. However, analysis of the mutant allele TWis pPGKneob DNA, 7 ml Lipofectamine, and LIF in 1 ml Optimem
(Shedlovsky et al., 1988), which disrupts the C-terminal (Life Technologies). After 6 hr the cells were overlaid with 1 ml
part of the protein (Herrmann et al., 1990), showed that up Optimem supplemented with 30% FCS and LIF. The following day
to 8.25 dpc TWis transcripts (Herrmann, 1991) and protein the cells were rinsed and incubated with standard ES cell medium.
At 80% con¯uence (2±3 days after transfection) the cells were(Kispert et al., 1994) are present in homozygous TWis em-
passaged to 10-cm dishes (Falcon) and selected in medium con-bryos but disappear thereafter. This suggests that functional
taining G418 (350 mg/ml, Life Technologies). After 10 days of selec-T protein may be required in mouse embryos for the mainte-
tion, 40±100 macroscopic colonies were picked into 48-well platesnance of its own expression from the ninth day of gestation.
in the absence of drug selection. After expansion to duplicate 24-In order to investigate the interdependence of T and fgf-
well plates, clones were screened for their ability to express lacZ4 expression, we demonstrate that fgf-4 (Niswander and
in a T-like pattern upon in vitro differentiation. Staining for b-
Martin, 1992; Drucker and Goldfarb, 1993), the putative galactosidase (b-gal) activity was performed as previously described
murine homologue of efgf (Isaacs et al., 1994), is transcribed (Wilson et al., 1995) and positive clones from four CGR8 and ®ve
in the primitive streak of intact T/T mutant embryos up to BTBR6 parent lines were tested in chimeras for reporter gene ex-
early somite stages and only later does expression cease. pression corresponding to that of the endogenous T gene.
In vitro differentiation of ES cells was performed in the absenceThis indicates that T is not required to activate or maintain
of LIF in monolayer by seeding 1.5 1 104 cells/well on gelatinizedfgf-4 expression during the ®rst 48 hr of gastrulation. In
4-well plates (Nunc) in ES cell medium containing 10% FCS. Differ-addition, we have used embryonic stem (ES) cells homozy-
entiating ES cells were assayed for gene expression by either whole-gous for the T deletion to show that wild-type intracellular
mount in situ hybridization or X-gal (Sigma) staining within 24±T protein is not required in the primitive streak or tail bud
96 hr of in vitro differentiation.for the maintenance of T expression. We have introduced a
construct into T/T mutant ES cells containing the T pro- Generation of Chimeras and Analysis of Mutant
moter linked to a lacZ reporter gene (Clements et al., 1996). Embryos
This promoter is active in the primitive streak and tail bud
ES cells were injected into C57B46 blastocysts and the embryosbut not in the node and notochord, which allows us to
transferred to pseudopregnant recipient C57BL/10 X CBA F1 fe-address whether T expression in the primitive streak in vivo males. Homozygous T/T mutant embryos were recovered from het-
is subject to autoregulation. We present evidence that T is erozygous matings on the ninth day of gestation when the genotype
not required cell autonomously for the maintenance of its of the embryos can be identi®ed from their phenotype. Potential
own expression, since in chimeras made between T/T mu- chimeras were dissected from the uterus 5±11 days following trans-
fer. Fixation and X-gal staining were performed using the modi®ca-tant and wild-type cells, lacZ continues to be expressed
tions described in Wilson et al. (1995).under the control of the T promoter until 13.5 days of gesta-
Embryos which were to be subjected to immunohistochemistrytion. Furthermore, the promoter remains active at a dis-
were ®xed in 4% paraformaldehyde (PFA) in phosphate-bufferedtance of more than 5 cell diameters from wild-type tissue.
saline (PBS) rather than glutaraldehyde for a maximum of 90 min.Together these results indicate that the autoregulatory loop
The duration of X-gal staining was limited to 2 hr. Embryos weredescribed in Xenopus is unlikely to operate in the primitive
post®xed in 4% PFA in PBS overnight at 47C, stored in PBS con-
streak and tail bud during mouse gastrulation and axis elon- taining 5 mM EDTA, and subsequently processed for whole-mount
gation. immunohistochemistry. In order to reduce background, embryos
older than 12.0 dpc were stained according to a protocol described
in Whiting et al. (1991). For cryosectioning embryos were ®xed in
4% PFA for 60 min and frozen in OCT (BDH). Subsequently 12- toMATERIALS AND METHODS
14-mm sections were cut and collected on alternate slides of which
one set was immediately processed for X-gal staining omitting the
Vectors ®xation step. Corresponding slides were processed for in situ hybrid-
ization. Embryos were photographed (Kodak Ektachrome 64T ®lm)The T promoter± lacZ vector pCTZA (Clements et al., 1996) con-
in a Zeiss Axiophot microscope using differential interference con-tains 8.3 kb of sequence 5* to the transcriptional start site of the
trast optics or in a Nikon SMZ-U dissection microscope.T gene cloned upstream of a lacZ reporter gene. The pPGKneoB
For wax histology embryos were processed as described else-vector was provided by Dr. A. Smith.
where (Beddington et al., 1994) and 7-mm serial sections were cut
(Bright 6030 Microtome). Once dewaxed, sections were mounted
in DPX mountant (BDH, Ltd.) and photographed as described above.Isolation of ES Cell Lines Expressing the T
Promoter±lacZ Construct GPI Isoenzyme Analysis
In order to perform glucose phosphate isomerase (GPI) isoenzymeES cells were maintained on gelatinized ¯asks in Dulbecco's
modi®ed Eagle's medium (DMEM) supplemented with 15% fetal analysis the heads of potential chimeras were removed, washed in
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PBS once, and frozen in microwell dishes at 0207C in about 5
equivalent vol of PBS. The dish was thawed and frozen twice to
disrupt tissues and release GPI enzyme. GPI enzyme electrophore-
sis was performed according to McLaren and Buehr (1981) and
Eicher and Washburn (1978), and the ratio of GPI-A:GPI-B was
estimated by eye.
Whole-Mount in Situ Hybridization and
Immunohistochemistry
The T mRNA probe was an antisense digoxigenin-labeled ribo-
probe transcribed from the full-length T cDNA (gift from Dr B.
Herrmann), the fgf-4 mRNA probe was transcribed from a full-
length fgf-4 cDNA (gift from Dr I. Mason). In situ hybridization to
intact embryos was performed according to Wilkinson (1992). In
situ hybridization to cryosectioned embryos were performed as de-
scribed by Schaeren-Wiemers and Ger®n-Moser (1993). ES cells
were processed as described by Rosen and Beddington (1993), except
that they were treated with 10 mg/ml Proteinase K in PBT for 3
min at room temperature instead of RIPA. They were washed with
freshly prepared 2 mg/ml glycine in PBT and subsequently twice
in PBT. After 0.2% glutaraldehyde/4% PFA ®xation, cells were
further processed as described. Cells were photographed using a
Zeiss Axiovert microscope.
X-gal-stained embryos (see above) were dehydrated through a
methanol series for 5 min each in 25, 50, and 75% methanol in
PBS at 47C, stored in 100% methanol for 2 hr at 47C, and rehydrated
through a methanol series into PBS. Immunohistochemical stain-
ing of these embryos using an anti-T antibody (gift from Dr. B.
Herrmann) was performed as described by Kispert and Herrmann
(1994), and histological sections were prepared as above.
Measurement of the Diameter of Tail Bud T/T
Cells
Using calibrated Improvision image capture and processing soft-
ware on a Macintosh Quadra linked to a Sony CCD/RGB video
camera, the number of T/T cells lying along an arbitrary 100-mm
line was counted in 10 different paraf®n sections taken from chime-
ras. The average number of cells/100 mm was determined and the
diameter of a single T/T cell calculated to be 6.2 mm. This number
was used subsequently to determine the number of consecutive T/
T cells within a patch of mutant tissue.
RESULTS
FIG. 1. ES cells expressing the T gene or the T promoter± lacZ
Isolation of ES Cell Clones Expressing T Promoter± construct after 96 hr of differentiation in monolayer. (A) Whole-
lacZ mount RNA in situ hybridization performed on differentiated wild-
type (CGR8) ES cells illustrating T gene expression in cell clusters.Whole-mount in situ analysis of differentiating ES cells X-gal staining performed on differentiated wild-type (TB15) ES cells
in monolayer revealed that T expression is con®ned to a (B) and T/T mutant (A17) ES cells (C) carrying a T promoter± lacZ
small minority of cells 24±48 hr after removal of LIF. The construct. Both cell lines exhibit characteristic patches of b-gal
number of cells expressing the T gene increases over time activity. Bar, 200 mm.
up to 96 hr of differentiation (Fig. 1A), the most conspicuous
increase being between 48 and 72 hr. As shown previously
expression always occurs in patches of cells (Rosen and Bed-
dington, 1993) which have either an ES cell like morphology priate activity of the T promoter in ES cell culture and
served as the basis for selecting clones for chimera produc-or have assumed a more ¯attened pro®le. These expression
characteristics were used as a preliminary screen for appro- tion.
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TABLE 1
Generation of ES Cell Clones Expressing T Promoter± lacZ Construct in Chimeras
No. clones b-gal positive Clones selected Staining intensity
Cell line Transfection after differentiation/ for chimeric in chimeras at
(Genotype) ef®ciency colonies picked analysis 7.5±8.5 dpc
CGR8 (///) 3.2 1 1005 6/38 (16%) TB15 ///
TB12 ///
TB11 0
BTBR6 (T/T) 5.8 1 1005 19/93 (20%) A17 ///
A22 ///
A9 /
B4 /
C19 /
Following lipofection and drug selection 38 /// and 93 The normal distribution of T protein in caudal regions
was compared with that of b-gal in intact /// TlacZ }T/T ES cell clones were analyzed for b-gal activity in mono-
layer culture 72 hr after LIF removal. Approximately 20% /// chimeras from 7.5±10.5 dpc and in sections of embryos
at 10±10.5 dpc. During early gastrulation T protein is ex-of the clones of each genotype were positive (Table 1). To
compare their staining pattern with that of T mRNA in pressed in the primitive streak, mesoderm lateral to the
primitive streak, and notochord (Fig. 2A, Kispert and Herr-wild-type cells, a time course of X-gal staining was per-
formed for 6 wild-type clones in monolayer differentiation mann, 1994). Later, at 10±10.5 dpc, T protein is expressed
in all tissues in the tail bud including neuroectoderm andculture. Three showed increasingly strong staining in
patches over a period of 24±96 hr (Fig. 1B). Eleven T/T gut extending about 300 mm from the tail tip, but expression
is absent from surface ectoderm and blood (Kispert and Her-clones containing T promoter± lacZ showed a similar time
course of lacZ expression and 5 of these were chosen at rmann, 1994; Fig. 2D). At 7.5±8.5 dpc, the wild-type ES
cell clones (TB12 and TB15) gave rise to chimeras showingrandom for construction of chimeras (Fig. 1C). However,
high-level expression of lacZ in vitro seemed very unstable appropriate b-gal activity in the primitive streak and emerg-
ing mesoderm (Fig. 2B) but, as expected, not in the node andand although the timetable of lacZ expression was main-
tained, clones shared an overall reduction in expression notochord. From 9.5±11.0 dpc b-gal activity was evident
in the tail bud, presomitic mesoderm, caudal somites, andwith increasing passage number. This did not re¯ect the
expression pro®le in vivo (see below) and it seems to be a caudal neural tube (Fig. 2E). This distribution was con-
®rmed in sections of three TB12 chimeras (Figs. 3B and 3C),peculiarity of cell lines in vitro.
and is consistent with the tissue types normally expressing
T protein, although the rostral boundary of b-gal activity
T Promoter±lacZ Is Expressed in the Primitive was more anterior in TB12 and TB15 chimeras than that of
Streak and Tail Bud of /// TlacZ } /// Chimeras T protein in wild-type embryos. Between 9.5 dpc (24±27
somites) and 10.0 dpc (28±31 somites) the rostral boundaryThe T promoter used is active in the primitive streak and
tail bud in transgenic mice, but lacks elements required
for notochord expression (Clements et al., 1996). The three
strongest staining /// TlacZ ES cell clones (TB11, TB12,
TABLE 2TB15) were analyzed in chimeras at primitive streak (7.5±
Number of Chimeras Derived from ///TlacZ ES Cell Clones8.5 dpc) and tail bud (9.5±11.0 dpc) stages to ensure that
this expression pattern was reproduced. All three clones
X-gal-positive/total recoveredexhibited appropriate reporter activity in the tail bud at
later stages, but only two clones (TB12 and TB15) displayed ES cell 7.5±8.5 9.5±11.0 12.5±13.5
b-gal activity in the primitive streak and emerging meso- clone dpc dpc dpc
derm at 7.5±8.5 dpc (Table 1). The third clone (TB11) did
TB12 8/18 (44%) 8a/14 (57%) 5b/13 (38%)not give rise to X-gal-stained chimeras at this stage (0/8
TB15 8/11 (73%) 14c/44 (32%) Ðembryos), although over 33% of embryos (6/17) generated
in the same experiment showed expression at 9.5±10.0 dpc a One embryo was retarded.
(Table 2). Ectopic expression in the hindlimb bud was also b One embryo showed abnormalities not characteristic of the
observed in TB11 } /// chimeras, and so this clone was T/T } chimeric phenotype.
omitted from further analysis, on the basis that lacZ expres- c Three embryos were retarded and two further embryos showed
edemas in tail tip.sion appeared to be subject to position effects.
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FIG. 2. Distribution of b-gal activity and wild-type T-protein-expressing cells in the primitive streak and tail bud of chimeras generated
with TB12 (wild-type) ES cells or A17 (T/T) ES cells carrying the T promoter± lacZ construct. (A, D) T protein expression detected by
whole-mount immunohistochemistry. (B, E, G) lacZ expression detected by X-gal staining. (C, F, H, I) Double-stained chimeras showing
T protein and lacZ expression. (A±C) Posterior view of the primitive streak of a 7.5-dpc wild-type embryo, TB12 chimera, and A17
chimera, respectively. (A) T protein is expressed in the primitive streak and in ¯anking mesoderm. (B) T promoter in wild-type cells
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FIG. 3. Transverse sections through the distal tail of wild-type and chimeric 9.5±10.5 dpc embryos. (A) T protein is normally expressed
in all tissues including tail bud mesoderm, neuroectoderm, gut, and notochord, but it is not found in surface ectoderm and blood. Wild-
type cells containing the T promoter± lacZ (TB12) express b-galactosisdase in chimeras in tail bud mesoderm (B) and neuroectoderm (C).
(D) The T promoter is also expressed in similar tissues in T/TTlacZ } /// chimeras (high-level chimera shown), although mutant cells
which have failed to ingress also appear to maintain b-gal activity on the surface. (E) High magni®cation of the tail of a T/TTlacZ }
/// chimera (A17) which has been double stained in order to detect T protein and T promoter±lacZ expression (see Fig. 2F). Large blocks
of T promoter± lacZ-expressing T/T cells accumulate in the tail and T-protein-expressing wild-type cells are located in the distal tips of
the ``split tail'' (black arrowheads). Paired black lines indicate the plane of section in F. (F) Section through the split tail tips of the A17
chimera shown in (E). The lefthand side (1) of the split tail shows wild-type T-protein-expressing cells together with T promoter± lacZ-
expressing T/T cells. The righthand side (r) of the split tail demonstrates that the T promoter is highly active in T/T cells in the absence
of any wild-type cells expressing T protein. This is also demonstrated in (D). n, neural tube; g, gut. Scale bar: 50 mm in A; 40 mm in B;
100 mm in C, D, and F; 300 mm in E.
confers b-gal expression in a similar domain. (C) T/T mutant cells accumulating in the primitive streak express the T promoter± lacZ
construct, while T-protein-expressing wild-type cells are present in more lateral portions. (D±F) 10.5-dpc (30±32 somites) embryos. (D)
Wild-type embryo showing T protein expression in tail bud, neuroectoderm, presomitic mesoderm, and notochord. (E) TB12 chimera
expressing T promoter± lacZ in tailbud, presomitic mesoderm, somites, and neural tube. (F) A17 chimera showing T promoter± lacZ-
expressing T/T cells aggregated in the caudal part of the embryo. Wild-type T-protein-expressing cells can be seen in the notochord and
in the distal tips of the ``split tail'' ¯anking lacZ-expressing T/T cells. (G) A 13.0-dpc A17 chimera, showing the persistence of T promoter±
lacZ expression in T/T cells localized in the most caudal part of the trunk. (H) A 11.0-dpc (40 somites) A17 chimera, showing accumulation
of T/T cells which express the T promoter± lacZ construct in the tail with wild-type cells expressing T protein in the distal tail tip. Note
that the notochord ends ventrally and a second shorter notochord is visible dorsally. (I) A 9.5-dpc high-level A17 chimera exhibiting a T
mutant phenotype. The trunk and the caudal part of the embryo are mostly composed of T promoter± lacZ expressing T/T cells. Wild-
type T-protein-expressing cells are observed only in the distal tail tips and in the disrupted notochord. Black arrows: compact blocks of
T/T cells. Black arrowheads: wild-type T-protein-expressing cells. Empty arrowheads, white arrow: notochord expressing T protein. Scale
bar: 100 mm in A±C; 640 mm in D and F; 620 mm in E; 2000 mm in G; 580 mm in H; 520 mm in I.
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TABLE 3
Number of Chimeras Derived from T/T TlacZ ES Cell Clones
X-gal-positive/ Caudal phenotype/ X-gal-positive/caudal phenotype
ES cell total recovered total recovered
clone 7.5±8.5 dpc 9.5±13.5 dpc 9.5±11.0 dpc 12.5±13.5 dpc
A17 6/10 (60%) 18/28 (64%) 16/17 (94%) 1/1 (100%)
A22 4/4 (100%) 11/11 (100%) 6a/6 (100%) 4/5 (80%)
a Two embryos were retarded, one of which showed additional abnormalities not characteristic of the T/T } chimeric phenotype.
of staining shifted caudally by a distance equivalent to staining. Most of the T/T cells in the distal tail which ex-
press b-gal correspond to neurectoderm or mesoderm, com-about three somites (from somite 21.5 { 1.66 (n  6) to 24.1
{ 0.79 (n  7)), indicating that the more anterior position parable to the staining pattern in wild-type chimeras. How-
ever, b-gal activity is also seen in surface epithelial cells atof the reporter boundary may simply re¯ect a longer b-gal
half-life compared to T protein. However, no commensurate the distal extreme of the tail in high-level chimeras (Fig.
3D). It has been shown in chimeras that the morphogeneticcaudal shift was seen during the following 24 hr. For exam-
ple, the rostral boundary within the neurectoderm remained defect in T/T cells preventing ef®cient ingression leads to
their accumulation on the surface of the distal tail (Wilsonat the level of somite 24 in two embryos which had reached
the 35- and 40-somite stage, respectively. This suggests that et al., 1995). Thus, it is likely that it is cells which have
the T promoter used may lack a functional element required failed to ingress, rather than bona ®de surface ectoderm,
for repression of T expression in more caudal neurectoderm. which account for T promoter activity in the outer layer of
Staining in the tail bud persisted until 13.0 dpc in TB12 the tail bud. To con®rm that the persistence of b-gal activity
chimeras (TB15 not tested), the latest time at which T pro- in the tail bud at 9.5±11.0 dpc is not due simply to the
tein expression is observed in this tissue (Kispert et al., longer half-life of b-gal compared with T protein, we stained
1994). A17 and A22 chimeras at 13.5 dpc, some 4 days after the
disappearance of mutant protein from TWis/TWis embryos.
Most chimeras (5/6) identi®ed by abnormal morphology
T Promoter Activity in T/T } /// Chimeras showed large masses of caudal mutant tissue, apparently
devoid of wild-type cells, which maintained high levels ofT/T } /// chimeras were assayed for b-gal activity over
b-gal activity (Fig. 2G).a period of development ranging from 7.5±13.5 dpc. At early
The precise distribution of wild-type and T/T cells instages (7.5±8.5 dpc), all ®ve clones gave rise to chimeras
the region where T protein is normally expressed waswhich stained with X-gal in the primitive streak and the
examined in A17 chimeras by combining X-gal stainingemerging mesoderm, as previously observed in ///TlacZ }
(T/T cells) with whole-mount immunohistochemistry to/// chimeras. However, at this stage only two of the
detect T protein (/// cells; Kispert et al., 1994). FourT/T clones, A17 (Fig. 2C) and A22, stained as strongly as
chimeras of 7.5±8.5 dpc and all 17 later chimeras, ofthe wild-type controls TB12 and TB15 (Table 1), and these
which 4 were sectioned, were processed in this manner.clones were selected for further analysis (Table 3).
During gastrulation (7.5±8.5 dpc) lacZ-expressing T/TPrevious studies have shown that T/T ES cells predomi-
cells in the primitive streak are ¯anked by wild-type cellsnantly colonize the caudal region of chimeric midgestation
expressing T protein (Fig. 2C). In chimeras of 9.5±11.0embryos, causing defects which range from abnormal tail
dpc, as expected from the colonization pattern of T/T cellsmorphology to a phenotype resembling that of intact T/T
(Wilson et al., 1995), wild-type T-protein-expressing cellsmutants (Wilson et al., 1993, 1995). Therefore, characteris-
represented the minority population in the distal tail eventic caudal defects can be used to identify chimeras from 9.5
in mid level chimeras (10±20% by GPI of the head). Indpc onward (Wilson et al., 1993, 1995). Using this criterion,
these embryos the distal tail was composed largely of16/17 (94.1%) A22 and 6/6 (100%) A22 chimeras (Table 3)
lacZ-expressing T/T cells (Figs. 2F, 2H, and 2I). Thus, evenexpressed b-gal at 9.5±11.0 dpc in the tail bud (Figs. 2F, 2H,
when few or no wild-type cells are present, high levels ofand 2I). Chimerism was con®rmed for 11 A17 embryos us-
T promoter activity are observed (Fig. 2F, 3E).ing GPI isoenzyme analysis of the heads, where the propor-
The distance from wild-type T-expressing cells at whichtion of mutant cells will be much lower than that in caudal
the T promoter was active in mutant cells in the tail budregions (Wilson et al., 1993, 1995). As expected, the larger
was estimated in serial sections for the three chimerasthe percentage of mutant cells in the head, the greater the
shown in Figs. 2F, 2H, and 2I. T-protein-expressing wild-caudal abnormality and extent of caudal staining (data not
type cells were restricted to the most distal mesoderm ofshown). A single A17-derived low-level chimera (5% by GPI
of the head) showed tail defects but no detectable X-gal the abnormal tails and were separated from wild-type noto-
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chordal cells by a large intervening bloc of T/T tissue-ex- aberrant exit of mutant mesoderm cells from the primitive
streak and their subsequent accumulation in the tail budpressing b-gal (Figs. 3E and 3F). No T-protein-expressing
wild-type cells were observed within the mass of mutant can be rescued by reintroducing the T gene alone (Wilson
et al., in preparation). This demonstrates that all other com-tissue. By measuring the dorsoventral, mediolateral, and
rostrocaudal dimensions of each bloc, and using 6.2 mm as ponents required for normal mesoderm production and de-
velopment in the primitive streak are intact in the mutantthe average diameter of a T/T cell (see Materials and Meth-
ods), it was estimated that in two chimeras promoter activ- ES cell line (BTBR6) used. Consequently, these cells serve
as a suitable substrate for examining T promoter activityity was maintained at least 5 cell diameters from a wild-
type T-expressing cell and in one chimera up to 8 cell in the absence of T protein.
It is known from the construction of pronuclear injectiondiameters. It was also apparent that the staining intensity
of mutant cells remained the same regardless of distance transgenics that the 8.3-kb region upstream of the T gene
used here confers expression of a reporter gene only on thefrom T-expressing host tissue.
primitive streak and tail bud but not to the node or noto-
chord (Clements et al., 1996). This allows us to address
Expression of fgf-4 in the Primitive Streak of T/T speci®cally the problem of T autoregulation in the streak
Embryos and its tail bud derivatives (Wilson and Beddington, 1996)
but leaves open the possibility that different regulatoryIf eFGF and Xbra constitute essential components of an
mechanisms may operate in the node and notochord. Withautoregulatory loop in Xenopus, then one might expect the
this in mind, the expression pattern of lacZ driven fromexpression of fgf-4, the closest mouse homologue of efgf
this 8.3-kb T promoter in wild-type ES cell chimeras corre-(Isaacs et al., 1994), to be perturbed in T/T mutant cells and
sponds closely to the normal distribution of T protein inembryos. In differentiating ES cell monolayers 24±120 hr
wild-type embryos, reported previously (Kispert et al.,after LIF removal, fgf-4 expression in wild-type and T/T ES
1994). This indicates that the T promoter is activated appro-cells was identical (data not shown). Its expression was con-
priately and its activity maintained in wild-type ES cell®ned to clusters of undifferentiated cells and absent from
progeny. However, the rostral boundary of b-gal activity inmore differentiated cell types.
neurectoderm was always further forward than that of TIn wild-type embryos, fgf-4 is expressed in the primitive
protein and there was no evidence that this boundary re-streak mesoderm and ectoderm, neurectoderm, paraxial pre-
gressed in chimeras as the axis elongated between 10.0 andsomitic mesoderm and branchial arches II and III (Nis-
11.0 dpc. Hence, this discrepancy is unlikely to be due sim-wander and Martin, 1992; Drucker and Goldfarb, 1993; Figs.
ply to differences in half-life between b-gal and T protein,4A and 4B). This expression pattern is conserved in T/T
but rather may indicate that the promoter region used mayembryos up to the 4-somite stage (Fig. 4A). By the 6- to 7-
be lacking a silencing element usually required for the rapidsomite stage, fgf-4 transcripts can no longer be detected in
downregulation of T expression in neurectoderm. This dis-the primitive streak mesoderm (Figs. 4B and 4F) and appear
placed rostral boundary did not differ between wild-typeto be reduced in the primitive streak ectoderm compared
and T/T mutant chimeras and therefore T is unlikely toto wild-type controls. However, the expression domain in
mediate directly this repression, even though repressor ac-the branchial arches remains unaltered in T/T embryos (Fig.
tivity has been identi®ed within the protein (Kispert et al.,4B). Therefore, absence of T protein only affects fgf-4 expres-
1995a).sion at the 6-somite stage, some 48 hr after the onset of
gastrulation.
In order to test whether fgf-4 is expressed in T/T mutant Does T Autoregulate?
cells in the tailbud ®ve T/T } /// chimeras at 9.5 dpc were
The data presented in this study show that T promotercryosectioned and alternate sections processed either for X-
activity is maintained in T/T cells up to the 14th day ofgal staining or in situ hybridization using a fgf-4 probe. In
gestation (Fig. 2G) demonstrating that no T-dependent cell-caudal regions domains of mutant cells appear also to con-
autonomous mechanism maintains T expression in thetain fgf-4 transcripts (Figs. 4G and 4H). Therefore, cells lack-
primitive streak and tail bud. The observation that pro-ing wild-type T protein can still express fgf-4 when caudal
moter activity can be maintained up to 8 cell diametersdevelopment is prolonged in chimeras.
from neighboring wild-type cells in the tail bud also argues
against a T-dependent short-range signaling mechanism
serving to maintain T promoter function during axis elonga-DISCUSSION
tion in the mouse. Such conclusions have to be reconciled
with the decline in TWis expression observed in TWis/TWisT/T ES Cells to Study Regulation of T
embryos (Herrmann, 1991; Kispert and Herrmann, 1994)
and with the notion that Xbra and eFGF regulate one an-Previous experiments have shown that T/T ES cells in
chimeras cause abnormalities due to cell-autonomous de- other in Xenopus (Isaacs et al., 1994; Schulte-Merker and
Smith, 1995) and possibly in mouse (Herrmann, 1996).fects in nascent mesoderm behavior and notochord differen-
tiation (Rashbass et al., 1991; Wilson et al., 1993, 1995). The The TWis mutation is caused by an insertion which is
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FIG. 4. Comparison of fgf-4 expression in wild-type embryos, T/T mutant embryos, and T/T;TlacZ } /// chimeras. fgf-4 mRNA expression
is detected by in situ hybridization to intact (A±F) or cryosectioned (G) T/T;TlacZ } /// chimeras. (H) T/T cells in cryosections of
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thought to truncate the T protein such that only the N- procedure (Isaacs et al., 1994; Schulte-Merker et al., 1995).
However, Xbra expression is not maintained if animal capsterminal DNA-binding domain and one of the two activa-
tion and repressor domains, respectively, are translated are disaggregated and the cells dispersed, expression in such
cultures only being restored if eFGF is added to the medium(Herrmann, 1991; Kispert et al., 1995a). In TWis embryos, T
transcripts and truncated T protein are expressed correctly (Isaacs et al., 1994, Schulte-Merker et al., 1995). Together
these results have led to the proposal that Xbra may befrom the onset of gastrulation, but expression ceases at the
early somite stage (Herrmann, 1991; Kispert et al., 1994), regulated by a positive feedback loop, whereby Xbra acti-
vates eFGF synthesis and secretion which in turn activatessuggesting that wild-type T protein may be required thereaf-
ter for maintaining its own expression. However, such a Xbra via the FGF receptor signaling pathway (Schulte-
Merker et al., 1995; MacNicol et al., 1993; Umbhauer etrequirement may be very indirect. The extinction of TWis
expression coincides with the stage at which expression of al., 1995). However, it should be noted that the expression
levels of endogenous efGF do not change in later marginalseveral other genes, such as Evx-1, Wnt-3a, Wnt-5a (Rash-
bass et al., 1994), mox-1 (Conlon et al., 1995), and fgf-4 (this zone explants following cell dispersal nor after subsequent
rescue of Xbra expression by addition of exogenous eFGFstudy) have also been shown to decline in the primitive
streak of homozygous T mutants. Thus, the loss of primi- (Isaacs et al., 1994). This suggests that any autoregulatory
feedback loop maintaining mutual Xbra and eFGF expres-tive streak-speci®c expression could re¯ect little more than
loss of streak tissue and cessation of mesoderm formation. sion during blastula stages is no longer required for eFGF
expression during gastrulation (Isaacs et al., 1994). In zebra-The continued expression of fgf-4 in T/T mutant cells in
chimeras also illustrates that it is not the absence of T ®sh an obligatory autoregulatory loop also seems unlikley
in the germ ring and tail bud since in no tail mutants ntlprotein per se in a cell which prevents fgf-4 expression in
intact mutants. However, other genes active in the streak, transcripts continue to accumulate in these tissues
throughout gastrulation despite the absence of functionalsuch as Msx-1 (Rashbass et al., 1994) and cdx-4 (Conlon et
al., 1995), continue to be expressed relatively normally in Ntl protein (Schulte-Merker et al., 1994). Furthermore,
overexpression of eFGF in zebra®sh embryos has remark-embryos lacking wild-type T protein up to 9.5 dpc. Further-
more, although there is some increase in pyknosis in the ably similar effects on gastrulation movements regardless
of whether Ntl protein is present (Grif®n et al., 1995).streak of T/T embryos at early somite stages (Chesley, 1935)
the viability of most of the caudal tissue appears normal The normal expression of fgf-4, the putative mouse homo-
logue of Xenopus efgf (Isaacs et al., 1994), during the ®rstas judged by [3H]thymidine incorporation (Yanagisawa and
Fujimoto, 1977). It has been argued before that hindgut for- 2 days of gastrulation in embryos deleted for the T gene (Fig.
4) argues against mouse fgf-4 expression being dependent onmation may necessitate a change in the way in which gene
expression is maintained in the streak and marks the intro- T. Furthermore, fgf-4 is expressed much earlier than T, be-
ing detectable at preimplantation stages (Feldman et al.,duction of new cross-regulatory mechanisms in the control
of gene expression (Rashbass et al., 1994). Mutant T/T cells 1995). Its early regulation is thought to involve Sox2 and
Oct3/4 (Yuan et al., 1995) and both these genes continuealready show morphogenetic defects prior to this stage (Wil-
son et al., 1995) and, therefore, the loss of Twis expression to be expressed during early gastrulation (SchoÈ ler et al.,
1990; Rosner et al., 1990; R. Lovell-Badge, personal commu-in Twis/Twis embryos may be a rather indirect consequence
of abnormal gastrulation which prevents the streak from nication). Mouse embryos lacking FGF-4 die before gastrula-
tion and are therefore uninformative with respect to T ex-establishing an effective mechanism for maintaining gene
expression. pression (Feldman et al., 1995). As with TWis, the subsequent
downregulation of fgf-4 expression in T/T embryos at theIn Xenopus animal cap assays, the mesoderm inducing
factors bFGF, eFGF, and activin are able to induce the ex- 6- to 7-somite stage may be a rather indirect consequence
of the absence of T protein (Rashbass et al., 1994), and oc-pression of Xbra (Smith et al., 1991; Isaacs et al., 1994). In
a reciprocal manner Xbra and its zebra®sh homologue, no curs at a stage when the corresponding expression of eFGF
in Xenopus also seems to be independent of Xbra (Isaacs ettail, have been shown to induce efgf expression although
the extent of efgf induction varies according to experimental al., 1994).
T/T;TlacZ } /// chimeras are identi®ed by X-gal staining. (A, B) Dorsal view of intact embryos. (C, E and D, F) Cryosections of embryos
shown in A and B, respectively. (A) (4 somites) Wild-type (top) and T/T mutant (bottom) embryos both showing fgf-4 expression in the
primitive streak, neuroectoderm, and branchial arches. Arrowheads indicate the primitive streak and the rostral±caudal position of section
in C and E, respectively. (C) fgf-4 expression in the primitive streak of a wild-type and (E) a T/T mutant embryo. (B) (6±7 somites) Wild-
type (top) and T/T mutant (bottom) embryo. fgf-4 expression has ceased in the primitive streak of the T/T embryo (F), but not in the wild-
type (D). Arrowheads indicate the primitive streak and the planes of section in D and F, respectively. (D) Primitive streak expression of
fgf-4 in wild-type. (F) fgf-4 mRNA is absent from the primitive streak of the T/T mutant at the 6- to 7-somite stage. Consecutive cryosections
through the caudal aspect of the tailbud of a 9.5-dpc T/T;TlacZ } /// chimera show that fgf-4 expression (G) occurs in regions populated
by b-gal-positive T/T cells (H). The sections do not look identical due to the rapid tapering of the abnormal tailbud in this region. Scale
bar: 380 mm in A and B; 100 mm in C±F; 35 mm in G and H.
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Despite the homology between eFGF and FGF-4, it is pos- case all FGF receptor signaling is probably inhibited (Ueno
et al., 1992).sible that other FGFs maintain T expression. fgf-3, fgf-4, fgf-
5, and fgf-8 are all expressed in the streak or its immediate
environs as well as in caudal regions of older embryos (Wil-
kinson et al., 1988; Niswander and Martin, 1992; HeÂbert et ACKNOWLEDGMENTS
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